Abstract: This paper investigates various types of coded waveforms that could be used for air-coupled ultrasound, using a pulse compression approach to signal processing. These are needed because of the low signal-to-noise ratios that are found in many air-coupled ultrasonic nondestructive evaluation measurements, due to the large acoustic mismatch between air and many solid materials. The various waveforms, including both swept-frequency signals and those with binary modulation, are described, and their performance in the presence of noise is compared. It is shown that the optimum choice of modulation signal depends on the bandwidth available and the type of measurement being made. Abstract-This paper investigates various types of coded waveforms that could be used for air-coupled ultrasound, using a pulse compression approach to signal processing. These are needed because of the low signal-to-noise ratios that are found in many air-coupled ultrasonic nondestructive evaluation measurements, due to the large acoustic mismatch between air and many solid materials. The various waveforms, including both sweptfrequency signals and those with binary modulation, are described, and their performance in the presence of noise is compared. It is shown that the optimum choice of modulation signal depends on the bandwidth available and the type of measurement being made.
INTRODUCTION
Air-coupled ultrasound is a non-contact technique that is of interest to nondestructive evaluation (NDE), because it can be used to test a wide range of materials, from polymers and composites to metals [1, 2] , It can also be used in harsh environments, where contamination is an issue, and when rapid scanning is required. The technique has been proposed for application in many areas, including the inspection of composites [3] [4] [5] , the detection of contamination and changes in food quality [6] and for imaging many other materials [7] . In all cases, it is the fact that air is used as the coupling medium which makes the technique unique.
In pioneering work by Bernard Hosten and his colleagues at CNRS Bordeaux, this approach has been used for the inspection of polymer composite plates using Lamb waves [8, 9] . Work was also done on the determination of the elastic constants of carbon fibre reinforced polymer (CFRP) composites [10] [11] [12] . Here, the composite sample was positioned between an ultrasonic capacitive source/receiver pair, and the angle of incidence changed by rotation of the sample relative to the ultrasonic beam axis. The ultrasonic waveforms were recorded at each angle, and the longitudinal and shear wave arrival times calculated in real time (the latter created by mode conversion within the composite plate). Changes in arrival time were then compared to theoretical predictions, and an optimum fit of one with the other allowed the calculation of elastic constants. Elastic properties of other materials such as wood were also examined [13] . The design of the electrostatic (also known as capacitive) device is also important in determining performance [14] .
Although air-coupled transducers can be scanned to form images, a higher resolution can be obtained if the transducer beam is focused. A convenient way to do this is to use external optics. This can be achieved using a Fresnel zone plate, which is aligned so as to focus onaxis at a pre-selected frequency [15] . More commonly, however, a good focus in air can be obtained across a wide bandwidth using external off-axis parabolic mirrors, which can be used for imaging thin materials and other samples [16, 17] . They can also be used for point source experiments at solid surfaces with Lamb waves [18] .
There is, however, a problem which must be overcome if air is used to transmit ultrasonic energy into and out of a solid sample -there is a need to overcome the large acoustic impedance mismatch between air and the solid object being tested. This causes several problems. The first is that a large fraction of the incident energy is reflected at the air/solid interface. This reduces the amount of energy both entering and leaving the sample. It also means that a large reflection from the incident surface results, meaning that pulse-echo operation becomes more complicated. In through-transmission, there are two basic approaches to solving the lack of signal. The first is to choose a very narrow bandwidth, by use of a highly resonant, high amplitude source and receiver. The frequency of operation is then tuned to the through-thickness resonance of the sample, so as to maximize transmission [19] . This lack of bandwidth is a problem when it comes to conventional imaging, as discrimination of defects, for example, becomes very difficult.
The second approach is to use a wider bandwidth, together with some method of retrieving very small ultrasonic signals that have passed through two separate air/sample boundaries. This second method has been investigated by several authors [20, 21] , and the general approach is to use a form of cross-correlation to detect the signal. The resulting technique is known as pulse compression. The incident waveform, with a bandwidth usually defined by the transduction method used, is chosen so that this type of signal processing can be performed most effectively for a particular measurement. There are many types of signal that can be used, but they can be broadly classified within two main types: a swept-frequency -chirp‖ signal or a form of binary sequence. Fig. 1 gives an example of a chirp signal buried in noise to illustrate the pulse compression process. Cross-correlation between the output -noisy‖ signal with a reference waveform, known in literature as matched filter, allows this signal to be detected, with the smoothed rectified output shown. The resulting pulse compression operation has allowed the signal to be enhanced in signal to noise ratio (SNR)
properties, allowing air-coupled measurements to be made. Usually the matched filter coincides with a replica of the sent signal. Moreover, depending on the specific application, the pulse compression procedure can use either periodic or aperiodic signals, and as a consequence the cross-correlation step is then realized in a cyclic or non-cyclic mode respectively. The operation shown in Fig. 1 is an example of a pulse compression operation that is not optimized. The purpose of this paper is to investigate some different forms of signal modulation, and to determine the best approach for air-coupled ultrasound for a given bandwidth of measurement. In addition, it is usual to apply different types of widows to linear chirps. This reduces the level of side-bands within the frequency spectrum, at the cost of a lower energy. There are many different types of window that can be used, but this work has investigated three types:
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Gaussian, Blackman and Tukey [22] [23] . All three have different properties, depending on the type of information that is required. With respect to non-linear chirps, windowing should be applied with caution, since the linear relationship between instantaneous frequency and time is no longer valid. However, the reduction of side-band levels is still of the utmost importance for obtaining a good result experimentally.
Thus, to tackle this problem, the possibility of performing windowing in the frequency domain (i.e. spectral windowing) on a non-linear chirp signal has been investigated. This can be achieved without relinquishing the constant envelope feature in the time-domain waveform.
In addition, the same transmitted energy as that of a non-windowed linear chirp is maintained, while reducing side-band levels. As proposed in [24] , this technique can be used for both linear chirps, and for various non-linear chirp signal types (such as Gaussian, Blackman and Tukey). This is achieved by starting from the PSDs of linear chirps, which are then windowed by the corresponding function. 
Fig. 4 Comparison of the autocorrelation functions of chirp signals using both time windowing on a linear chirp (left) and spectral windowing on a non-linear chirp (right). In both cases, the un-widowed signal is shown in black and the Gaussian-windowed chirp is shown in grey.
Binary sequences can also take various forms. Golay sequences have been used in the past for ultrasonic measurements [25] [26] , and they exhibit the optimal auto-correlation characteristics both in the cyclic and non-cyclic case. However, they have to be used in pairs, and this aspect can be a limitation. This work has thus looked at other types of sequences. Three examples are shown in Figure 5 . These all use a frequency of 300 kHz to represent a single bit within the sequences, but as can be seen, their appearance is very different, depending on the generation scheme used. There are advantages to each of these types of binary sequence. If AC systems are considered, MLS and Legendre sequences allow the reconstruction of the impulse response without bias, and they are also more effective from a computational point of view than Golay sequences [27] [28] [29] . In particular, a fast transform exists for the MLS case, the Fast-Mtransform, and this can outperform the standard correlation calculation via an FFT [30] . This could be important in real-time air-coupled imaging, for example. Note also that MLS and related sequences can be used in multi-input / multi-output systems by exploiting their pseudo-orthogonality [31] . Finally, MLS and Legendre sequences exhibit decimation properties (in particular the Legendre sequences are decimable for any integer) and this opens the possibility of sub-sampling the received signal efficiently in order to relax hardware constraints. The research has also looked at Chaotic sequences. These gained interest in communications systems, because of their flexible auto-correlation and crosscorrelation properties [32] .
In the following, these signals will be compared for use in air-coupled ultrasound. Their performance will be determined experimentally for various levels of noise, so that their suitability in NDT can be determined.
EXPERIMENTAL INVESTIGATION OF MODULATION SCHEME PERFORMANCE
The experiments were performed using a pair of capacitive transducers, aligned on-axis in air. These transducers have been described elsewhere [1, 2] , but can be used to generate and detect ultrasonic signals in air with a high efficiency. They use a thin metallised Mylar membrane attached to a micromachined backplate, and are designed to operate at frequencies of up to 1 MHz. Note that at frequencies higher than this, ultrasonic attenuation in air becomes very severe, limiting the range at which experiments can be performed for NDE purposes. The experimental impulse response of these devices is shown in Fig. 6 . It can be seen that the experimental amplitude response for a pair of transducers peaks at approximately 300 kHz, and this is the reason for selecting this frequency for the binary sequences. The response also led to the choice of a frequency sweep range of 100 -400 kHz for the chirp signals. The voltage drive signals were generated in LabView TM software, and sent to the transmitter via a National Instruments PXI system, as shown in Fig. 7 . A DC bias was applied to the transmitter via a decoupling circuit. Signals were transmitted across the air gap, and detected by a capacitive transducer as an ultrasonic receiver. A charge amplifier was used to provide amplification and a DC bias to the receiver, before being recorded via the PXI system.
Fig. 6. Experimental ultrasonic transducer characteristics, showing (a) impulse response and (b) corresponding spectrum

Fig. 7 Schematic diagram of the apparatus for experiments in air
The first experiments recorded signals that were transmitted by each of a set of sequences across the air gap. This was done to determine the initial properties of the recorded signals in ideal conditions. The ultrasonic waveforms will not be the same as those provided by the driving voltage sequences, due to the amplitude and phase response of the transducers, the effect of diffraction by the finite apertures of the transducers themselves, and frequencydependent ultrasonic attenuation in air. It was thus important to determine the actual experimental response.
The experimental results can be illustrated by looking at two particular examples -a linear chirp and an MLS binary sequence. Fig. 8 illustrates the spectral content of these two types of signal used for the voltage drive waveforms. The chirp had a bandwidth defined by the chosen start and finish frequencies (100 -400 kHz), whereas the MLS sequence had a spectrum resulting from the 300 kHz frequency used to define the repetition rate of a single bit. These signals were used to drive the ultrasonic air-coupled transmitter, and the signals detected by the receiver after propagation through air were recorded. The received experimental spectra in each case are shown in Fig. 9 . Note that, as expected from Fig. 8 , the MLS sequence exhibited the wider bandwidth. The received signal was now cross-correlated with the input, and the results obtained are shown in Fig. 9 . It is clear from these results that the received MLS signal was not only an order of magnitude greater in amplitude, but that the width of the main cross-correlation peak was narrower. In order to explain the above results, consider first the binary sequences such as MLS.
Here, for an acquisition time T, the theoretical Excitation Signal Energy (E) is given by
noting that the duration of excitation is the same as that of the measurement. However, the noise energy (E noise ) is given by
In the case of chirp signals, two types can be considered: those with a cyclic and those with a standard acquisition algorithm. For the cyclic case, the duration of excitation is the same as that of the measurement (as for the MLS binary sequence). However, now the excitation signal energy is half that of the MLS sequence, whereas the noise energy is the same. In the standard chirp measurement scheme, the excitation is -on‖ for a time T, while the output signal is measured for a time T + T 1 . The excitation signal energy is the same as for the cyclic case, but now the noise energy is higher, and is given by 
This means that binary sequences such as MLS have the maximum theoretical SNR. In order to fully exploit this higher input energy, both the amplifier and the transducers have to match the broad bandwidth nature of the MLS sequence used, otherwise the overall energy put into the system is reduced by exciting frequencies that are outside of the system band. Table 1 shows that the actual SNR gain ensured by the pulse compression procedures is fairly similar for binary sequences and chirp signals, although chirp signals obtain higher values of SNR. Indeed the band-pass behavior of chirp signals counterbalances the higher energy carried by MLS sequences by fitting better to the overall transfer function of the experimental system, composed of the transducers and the amplifier. For the system considered here, which uses broad bandwidth air-coupled transducers, this effect ensures an extra factor of 2 in the SNR gain for the chirp signals with respect to MLS. This becomes even more important if the bandwidth of the system is reduced. In this case, only a small portion of the input energy can be transferred to the measurement system if a standard MLS sequence is used. In contrast to this, the energy spectrum of a chirp signal can be tailored to the transducer bandwidth. Hence, the input energy in this case is always almost effectively delivered to the system, so that chirp signals are a good choice for transducers with a narrow bandwidth.
Note that often it is desirable to use binary signals experimentally, both for hardware reasons and for reduced computational costs. In addition, sub-modulation and spectrum design techniques can also be applied, in order to further improve the resulting SNR. By using such techniques, the binary sequences approach can be improved substantially.
THROUGH-TRANSMISSION ULTRASONIC EXPERIMENTS
Another important application of air-coupled ultrasonic systems is the NDE of solid samples.
Many characteristics can be measured, such as time of flight, attenuation, and thickness/ velocity changes, as well as the presence of defects or other structural changes. The performance obtained will depend on the characteristics of the ultrasonic signal, and in particular, the chosen waveform and processing methods. In Table 1 above, the relative merits of the various approaches, based on MLs, linear and non-linear chirps, were compared, and the linear cyclic chirp found to perform the best in terms of SNR. In the following, their performance in actual air-coupled through-transmission experiments will be examined. Here, a sample was placed normal to the ultrasonic beam, as shown in Fig. 11 for a Plexiglas plate. This material has a longitudinal velocity of 2,700 ms -1 , and plates of thicknesses 0.1 mm, 1 mm and 5 mm were examined. Fig. 11 . Through-transmission experiments using a pair of capacitive ultrasonic transducers. Figure 12 shows the cross-correlation outputs (equivalent to the impulse response of the whole measurement system) for the MLS signal and the three thicknesses of Plexiglas. The two responses are effectively similar for the two thinner samples. This is because their thickness is small enough that the frequency of the sample's fundamental resonance (at ~1.3
MHz for a 1mm thickness) is above that of the highest frequencies transmitted. At a thickness of 5 mm, however, where the solid plate through-thickness resonance would be expected at ~257 kHz, the impulse response is that of a decaying resonance. This is exactly what would be expected from such a system. Table 1 ). For a 5 mm thick plate, the response is closer to a step function, with a fast rise and a slower fall, the latter indicative of the form of the through-thickness resonance within the plate. , and the non-linear chirp estimates the value at 5.3 mm. However, the larger received amplitude of the impulse response for the MLS sequence (Fig. 12 (c) ), and the narrower spectral response, shows that it represents the induced resonance more accurately, and is thus the preferred waveform for thickness measurements. 
